Background: A phase I dose-escalating study of pazopanib was conducted to determine the maximum tolerated dose (MTD), pharmacokinetic/pharmacodynamic relationships, and clinical activity in patients with advanced hepatocellular carcinoma (HCC).
Introduction
Advanced hepatocellular carcinoma (HCC) carries a poor prognosis, and systemic therapy with cytotoxic agents shows no survival benefit (1) . The orally available, multitargeting receptor tyrosine kinase inhibitor sorafenib is the first agent showing significant improvement in median overall survival in 2 randomized phase III trials in advanced HCCs (2, 3) . Sorafenib may exert its antiangiogenic effects by targeting receptors for VEGF receptor (VEGFR-2 and VEGFR-3) and platelet-derived growth factor (PDGFR) and may block tumor cell proliferation by targeting the RAF/MEK/ERK signaling pathway (4, 5) .
In the era of personalized medicine, improving treatment outcomes for patients with advanced HCC requires the development of additional active agents/regimens with tolerable safety profiles and the identification of drug mechanism of action and biomarkers capable of predicting tumor response and/or resistance to treatment. Pazopanib is a potent, oral, multikinase angiogenesis inhibitor targeting VEGFR-1, VEGFR-2, and VEGFR-3; PDGFR-a and PDGFR-b; and c-Kit that has shown efficacy and tolerability in treating various tumor types (6) (7) (8) . In a phase I pazopanib study, clinical benefits were seen in patients with solid tumors who received pazopanib 800 mg or more once daily (QD) or 300 mg twice daily (6) . Moreover, when pazopanib 800 mg QD was administrated as a single agent, evidence of antitumor activity was observed in various phase II studies in several tumor types including soft tissue sarcoma, renal cell carcinoma, ovarian cancer, and nonsmall-cell lung cancer (9) (10) (11) (12) .
Dynamic contrast-enhanced MRI (DCE-MRI) is a noninvasive quantitative method that facilitates the evaluation of microvascular structure by tracking the pharmacokinetics of injected low-molecular-weight contrast agents. The technique is sensitive to alterations in vascular permeability, extracellular, extravascular, and vascular volumes, and blood flow and has potential advantages over computed tomography (CT) and positron emission tomography in evaluating tumor angiogenesis (6, 13) . It has been increasingly used as a biomarker of drug efficacy in clinical trials of various angiogenesis inhibitors.
The objective of this multidisciplinary phase I study of pazopanib was to assess safety, pharmacokinetics, pharmacodynamics, and clinical activity of pazopanib, in patients with advanced HCCs. Candidate biomarkers potentially correlating with clinical efficacy were explored by comparing clinical outcome with DCE-MRI parameters.
Patients and Methods
This phase I, open-label, dose-finding study (VEG107200; clinicaltrials.govdentifier NCT00370513) was conducted in 2 phases: a dose-escalation and a cohort-expansion phase, at 3 international centers. The study complied with the Helsinki Declaration principles; study protocol and amendments were reviewed and approved by the appropriate national, regional, or investigational center Ethics Committee or Institutional Review Board. All patients provided written informed consent.
Patients
Eligible patients were at least 18 years of age, satisfied European Association for the Study of the Liver diagnostic criteria for diagnosis of HCC (14) , and had advanced (local unresectable and/or metastatic) disease not amenable to surgery or local therapy. Prior systemic or local therapy was permitted, provided it was completed within the protocolspecified time frame as follows: >4 weeks since prior systemic therapy, radiotherapy, or major surgery; >6 weeks since administration of nitrosoureas, mitomycin, or prior local-ablative therapy; >60 days since completion of prior radiofrequency ablation. Patients who received prior therapy had to show evidence of disease progression and must have fully recovered from previous therapy. Major exclusion criteria included underlying malabsorption syndrome, any condition that interfered with oral administration of the study drug, Child-Pugh class B or C cirrhosis, previous therapy with any VEGF-directed angiogenesis inhibitor, and previous history of portal vein thrombosis or bleeding esophageal varices. Additional exclusion criteria included poorly controlled hypertension; QTc prolongation (defined as a QTc interval > 470 msec); previous class III or IV heart failure; history of cerebrovascular events within 6 months; history of myocardial infarction, hospitalization for unstable angina, or cardiac angioplasty or stenting within 6 months; or untreated venous thrombosis.
Study design and treatment
Dose-escalation phase. Pazopanib dose escalation ranged from 200 to 800 mg QD during the dose-escalation phase, with a minimum of 3 patients enrolled in each cohort; a modified 3 þ 3 design specified that at least 3 to 6 patients could be enrolled in a given cohort. Patients were not enrolled in subsequent cohorts until all patients in the previous cohort completed 21 days of therapy (i.e., 1 cycle), and the toxicity profile and pharmacokinetics results from cycle 1 were available. Dose escalation continued at 100% of the preceding dose level until a dose-limiting toxicity (DLT) was observed or the maximum dose level of 800 mg QD was achieved in the absence of DLTs. The maximum tolerated dose (MTD) was defined as the highest daily dose of pazopanib at which no more than 1 of 6 patients experienced a DLT.
In addition to the standard definitions of DLTs (any grade 3 or 4 clinically significant nonhematologic toxicity except alopecia) used in other studies of pazopanib monotherapy, additional adverse events (AE) relevant to the population under study were defined as DLTs. These included liver toxicity for which clinical and radiologic criteria supported either progressive disease or viral reactivation as the cause of increased hepatic dysfunction, and an
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increase in the Child-Pugh score by 2 or more in association with liver toxicity considered to be related to pazopanib (see Supplementary Methods for a complete list).
Cohort-expansion phase
Once the MTD was determined, up to 10 additional patients could be enrolled at the MTD to further evaluate the safety and tolerability of pazopanib and acquire additional and pharmacokinetics data.
Study objectives. The primary objectives of this study were the safety, tolerability, and MTD of pazopanib in patients with HCCs. Secondary objectives included characterization of pharmacokinetics, evaluation of changes in tumor vasculature based on DCE-MRI, serial serum afetoprotein (AFP) measurements, and evaluation of contrast-enhanced CT scans or MRI for response per RECIST guidelines (15) .
Safety assessments and disease evaluation
Clinical assessments were conducted at least every 3 weeks and more frequently during the first 3 cycles for all patients on treatment. AEs were reported in accordance with National Cancer Institute Common Terminology Criteria for Adverse Events version 3.0 (16) . Viral hepatitis replication parameters were assessed at the start of each cycle. Radiologic assessments, either CT or MRI scans, were conducted at baseline and at 6-week intervals thereafter.
Pharmacokinetics. To characterize the pharmacokinetics of pazopanib after single and multiple doses, serial blood samples were collected over 6 hours on day 15 during the dose-escalation phase, over 72 hours after pazopanib administration on day 1, and over 24 hours on day 15 during the cohort-expansion phase. Concentrations of plasma pazopanib and pazopanib metabolites (GSK1268992, GSK1268997, and GSK1071306) were measured by tandem high-performance liquid chromatography mass spectrometry.
Pharmacokinetic parameters included area under the concentration-time curve (AUC) from 0 to 6 hours (AUC 0-6 ), maximum plasma concentration (C max ), time to maximum observed concentration (t max ), and 24-hour plasma concentration (C 24 ) of pazopanib on study day 15. Pharmacokinetic analyses of concentration-time data for plasma pazopanib and pazopanib metabolite were conducted using the noncompartmental Model 200 (for extravascular administration) of WinNonlin Professional Edition version 5.2 (Pharsight Corporation).
DCE-MRI. Changes in tumor vascular parameters in response to pazopanib were characterized by DCE-MRI. Specifically, DCE-MRI was used to determine the contrast agent transfer coefficient (K trans ) and the initial area under the tissue gadolinium concentration-time curve (IAUGC) at baseline and on day 22 after pazopanib treatment. Two DCE-MRIs, at least 24 hours apart, were conducted during screening, within 7 days of day 1 of cycle 1 to evaluate measurement variability. A third DCE-MRI was conducted on day 1 of cycle 2 (study day 22). The pazopanib dose and exposure parameters at day 22 were compared with baseline (defined by the mean of the 2 baseline measurements) using K trans and IAUGC. The IAUGC was derived from the area under the tissue gadolinium concentration-time curve over 60 seconds following bolus arrival (IAUGC 60 ). Tumors were manually outlined, and all DCE-MRI parameters were calculated within the enhancing portion of the tumor.
A standardized DCE-MRI protocol was implemented at 3 clinical trial sites, and all the images were centrally analyzed by a group blinded to study treatment (Imaging Science and Biomedical Engineering, University of Manchester, Manchester, UK). Additional details of the DCE-MRI methods and analysis protocol are provided in Supplementary Methods.
Statistical analysis
Survival analysis was computed by the Kaplan-Meier method. Progression-free survival (PFS) was calculated from the date of commencement of study drugs to the date of documented progression or death and was conducted on intent-to-treat basis. All statistical analysis was conducted using SAS version 8.2 (SAS Institute Inc.).
Results

Patients
Median patient age was 61 years, and 24 patients (86%) were male (Table 1) . Twenty-two patients (79%) met the cytohistologic criteria defined by European Association for the Study of the Liver for HCC, and 6 patients (21%) met the European Association for the Study of the Liver noninvasive criteria (restricted to cirrhotic patients) for HCC. Twenty-eight patients received pazopanib once daily. Median days (minimum-maximum) on study were 133.5 (42-798), 55 (8-295), 127 (4-289), and 169 (9-274) for pazopanib 200 mg (n ¼ 4), 400 mg (n ¼ 11), 600 mg (n ¼ 8), and 800 mg (n ¼ 5) QD doses, respectively.
Dose-escalation phase and DLT
Overall, 21 patients were enrolled in the dose-escalation phase and 3 patients experienced DLTs. At the pazopanib 800 mg QD dose level, 2 patients experienced DLTs (grade 3 AST/ALT elevations and grade 3 malaise) and the MTD was exceeded. Six patients were subsequently enrolled at pazopanib 600 mg in the dose-escalation phase of the study, according to the protocol. This dose met the protocol-defined MTD, in that 1 of the 6 patients enrolled at this dose level experienced a DLT (i.e., unable to receive >75% of dose during cycle 1 because of grade 2 neutropenia, grade 2 AST elevation, and grade 2 hyperbilirubinemia). Thus, the MTD was defined as 600 mg according to the protocol.
Cohort-expansion phase
Although not specified as part of the original study design, due to insufficient DCE-MRI data available that met prespecified technical requirements from the original 5 patients enrolled at the 400 mg dose level during the doseescalation phase, an additional 6 patients were enrolled at this dose, rather than the MTD of 600 mg during the cohort-expansion phase. After completion of cycle 1 and acquisition of DCE-MRI data, and in the absence of DLTs, these patients were permitted to escalate to the MTD of 600 mg QD. However, 2 additional patients were enrolled to receive pazopanib at the MTD of 600 mg starting from cycle 1 in the cohort-expansion phase. Nevertheless, one of these patients experienced a grade 4 gastrointestinal hemorrhage during the first 21 days of dosing, related, in part, to occult metastases invading the gastrointestinal tract, and withdrew from the study. The second patient enrolled in the cohort-expansion phase at 600 mg starting from cycle 1 was not evaluable for treatment-related toxicities because of rapid disease progression and withdrawal from the study after receiving 2 doses of pazopanib. No additional patients were enrolled in the cohort-expansion phase at the 600 mg dose level because of slow accrual and in light of additional patients having been exposed to 600 mg QD as a result of intrapatient dose modification (i.e., 10 patients received 600 mg for the majority of their on-study duration).
Safety
The most commonly reported AEs (Table 2) were diarrhea (17 patients; 61%), hypertension (10 patients; 36%), AST elevation (9 patients; 32%), and ALT elevation (6 patients; 21%). The most commonly reported AEs at the MTD were diarrhea (4 patients; 50%), skin hypopigmentation (4 patients; 50%), and AST elevation (3 patients; 38%). Most toxicities were grade 1 or 2 and resolved after discontinuation of pazopanib. Hypertension was the most common AE with a maximum toxicity of grade 3 or higher across all treatment groups.
The most common treatment-emergent hematologic laboratory abnormalities were lymphopenia (10 patients; 53%), leukopenia (13 patients; 46%), and neutropenia (8 patients; 42%). The most common treatment-emergent clinical chemistry abnormalities were AST elevation (20 patients; 71%), hyperbilirubinemia (19 patients; 68%), ALT elevation (15 patients; 54%), lipase elevation (13 patients; 50%), and hyperglycemia (14 patients; 50%). Maximum changes in hepatobiliary parameters from baseline are shown in Table 3 .
Overall, 6 patients were withdrawn from the study because of AEs that included AST/ALT elevation, AST/ bilirubin elevation, malaise, gastrointestinal hemorrhage, hepatic function abnormality, and myocardial ischemia (1 patient each). Nine patients experienced AEs that required dose interruption of pazopanib. The most common AEs leading to dose interruptions were AST/ALT elevations. Moreover, 6 patients had pazopanib dose reductions. The most common AEs leading to dose reductions were AST/ALT elevations and diarrhea.
Clinical activity
Twenty-six patients were evaluable for treatment response (2 patients were withdrawn during cycle 1 because of treatment-related toxicity and were not evaluable for response). Among evaluable patients, 2 patients (8%) had confirmed partial responses, 17 patients (65%) had stable disease, and 7 patients (27%) had progressive disease. The partial responses (1 patient each at the 400 and 800 mg dose levels) were maintained for at least 12 weeks. Overall, 19 patients (73%) had either partial response or stable disease while receiving pazopanib treatment.
The median estimation of PFS for the entire study population was 17.7 weeks (95% CI: 11.9-23.9 weeks; Fig. 1A ). The best percentage change from baseline in the sum of the longest diameters of target lesions according to pazopanib dose received on the largest number of days (i.e., modal dose rather than the originally assigned dose) is displayed in Figure 1B to provide a more accurate picture of the association between dose and antitumor activity. Of the patients with a modal dose of 600 mg QD, 1 patient had a confirmed partial response, 6 patients had stable disease, and 1 patient had progressive disease.
Serial AFP changes
Of the 16 patients who had elevation in baseline AFP (i.e., >20 mg/L); 10 patients (63%) showed a 20% or greater decline in AFP than in baseline during the study whereas 2 patients had no postbaseline AFP measurements (Supplementary Table S1 ). Among the 10 patients who had elevated AFP at baseline and achieved a partial response or stable disease as their best response, 8 patients had a 20% or greater decline in AFP than in baseline and 2 patients had an increase in AFP than in baseline. In addition, among the 6 patients who had elevated AFP and achieved PFS of 17.7 weeks or longer, 5 patients had a 20% or greater decline in AFP than in baseline and only 1 patient had an increase in AFP compared with baseline.
Pharmacokinetics
After repeated oral administration of pazopanib 200, 400, 600, or 800 mg QD in the dose-escalation phase, median t max values ranged from 2 to 3 hours (Supplementary Table S2 ). The highest AUC 0-6 , C max , and C 24 values were observed in the pazopanib 800 mg QD cohort. However, systemic exposure (AUC 0-6 ) to pazopanib did not increase in a dose-proportional manner when the pazopanib dose was increased and ranged from 151 mg h/mL at pazopanib 200 mg QD to 214 mg h/mL at pazopanib 800 mg QD. Similarly, the mean C max values for pazopanib did not vary widely across the range of pazopanib doses used in this study (29.8 g/mL at pazopanib 200 mg QD; 31.6 g/mL at pazopanib 400 mg QD; 28.8 g/mL at pazopanib 600 mg QD; and 39.5 g/mL at pazopanib 800 mg QD). The trough plasma C 24 level was more than 15 mg/mL for all doses tested and was highest at the pazopanib 800 mg QD dose level (28.1 mg/mL).
After 14 days of once daily administration, metabolites in the pazopanib 800 mg cohort were greater than or equal to the mean values observed in the 200, 400, and 600 mg dose cohorts. Similar to pazopanib, systemic exposure to pazopanib metabolites did not increase in a dose proportional fashion when the dose of pazopanib was increased from 200 to 800 mg QD.
DCE-MRI findings
Seventeen of 28 patients treated with pazopanib 200 mg (n ¼ 4), 400 mg (n ¼ 5), 600 mg (n ¼ 5), or 800 mg (n ¼ 3) successfully completed both baseline and day 22 DCE-MRI acquisitions. Baseline scanning was repeated to estimate measurement variability. The mean percentage (SD) differences between 2 baseline scans for IAUGC 60 and K trans were 17.8% (17.3%) and 24.8% (23.1%), respectively. Median percentage changes from baseline in IAUGC 60 were À17.3, À15.9, À39.6, and À60.0 whereas median percentage changes from baseline in K trans were À36.3, À23.0, À44.6, and À73.8 for the pazopanib 200 mg, 400 mg, 600 mg, and 800 mg QD doses, respectively ( Table 4) . The percentage changes from baseline in IAUGC and Total patients, n (%) C max values; however, the largest decrease from baseline in K trans occurred in patients with C 24 values above 20 mg/mL (Fig. 2A) . Decreases of 40% or greater from baseline in IAUGC 60 were observed only in patients with C 24 of approximately 20 mg/mL or higher. One patient receiving pazopanib 800 mg QD had a best response of partial response, achieved C 24 of approximately 30 mg/mL, and had large decreases from baseline in IAUGC ($60%) and K trans ($74%; Fig. 2B ). All 3 patients who had a best response of progressive disease and underwent paired DCE-MRI acquisitions achieved C 24 values below 30 mg/mL and less than 40% decreases from baseline in IAUGC or K trans . A similar trend was observed for C max .
Discussion
For patients with advanced HCC in Child-Pugh class A, the MTD for pazopanib was 600 mg QD on the basis of DLT frequency during the first 21 days of pazopanib in the dose-escalation phase. During the cohort-expansion phase of the study (pazopanib 600 mg QD), one patient died and another experienced grade 4 gastrointestinal bleeding. Both the death and the gastrointestinal bleeding were likely related to rapid disease progression and occult metastases invading the gastrointestinal tract, respectively. Overall, 10 patients received pazopanib 600 mg for the majority of their time on treatment and appeared to tolerate this dose (with the exception of the 2 patients described above). Although a potential contribution of study drug to the serious AEs observed in the 2 patients receiving 600 mg during the cohort-expansion phase cannot be excluded, based on available data, pazopanib 600 mg QD was determined to be both the protocol-defined MTD and the recommended dose for further development in patients with advanced HCCs.
Notably, in view of the potential hepatotoxicity reported in the phase I pazopanib study (6), the current study specified that an increase of 2 or more in the Child-Pugh score was one of the criteria defining DLT if the liver toxicity was considered to be related to pazopanib. In fact, the frequency of transaminase and bilirubin elevations was higher in the current study than other pazopanib studies (6) . This observed increase in the incidence of liver toxicities may be related to exacerbation of hepatic AEs in a population with underlying disease (HCC) that compromised liver function. Nevertheless, the overall safety profile of patients with HCC treated with pazopanib appeared to be similar to the profiles reported in other pazopanib monotherapy studies with regard to the frequency of serious AEs, as well as the frequency of AEs leading to withdrawal from the study, dose interruption, or dose reduction (6) . There may be important differences in the AE profile of the targeted agents in the treatment of advanced HCCs (2, 3, (17) (18) (19) (20) . For instance, hypertension, hepatobiliary laboratory abnormalities, and diarrhea occurred at a higher frequency in this study than that reported for sorafenib. Nevertheless, it is important to note that such cross-study comparisons are limited by sample size, differences in baseline disease characteristics (e.g., tumor stage, association with hepatitis B vs. C), on-study duration, and study design (phase I vs. phase II/III) and should be undertaken with care.
Although the relationship between pazopanib pharmacokinetic parameters and DCE-MRI endpoints in the current study was not constant, greater decreases in DCE-MRI parameters were associated with higher pazopanib C 24 values. All patients with an approximately 40% or greater decrease in IAUGC had a pazopanib C 24 of 20 mg/mL or higher. Results from a previous pazopanib study (6) showed that patients with C 24 of 15 mg/mL or higher, compared with patients with C 24 below 15 mg/mL, had a markedly higher rate of developing hypertension (77% vs. 39%), which is a predominant AE associated with VEGF inhibition observed in clinical trials of anti-VEGF therapy (21, 22) . The similarity of plasma pazopanib C 24 at which the effects on blood pressure and DCE-MRI parameters are observed suggests that effects consistent with anti-VEGF activity occur when plasma pazopanib concentrations are maintained above a target of approximately 20 mg/mL.
Preliminary clinical activity was observed with pazopanib in this study of patients with HCCs. The overall response rate was 8% and the median PFS was 17.7 weeks. Overall, 73% of patients had a best response of either a partial response or stable disease while on pazopanib treatment, and among patients with elevations in baseline AFP, those with a 20% or greater decline in AFP seemed to benefit more from pazopanib treatment than patients without this decline. Notably, at the time this study was conducted, RECIST guidelines remain the standard for assessing tumor response (15) . As yet, there is no consensus in the HCC community about whether modified RECIST would be a better method to assess response in patients with HCC receiving targeted therapy alone. Nevertheless, there may be an even higher rate of radiologic response if the results of the study are evaluated by modified RECIST guidelines (23) , which take into account tumor necrosis.
To measure the changes in HCC tumor vessel function, we used DCE-MRI, a technique widely used to evaluate changes in the vasculature in response to antiangiogenic therapies. Parameters such as K trans are considered related to vascular permeability and are considered biomarker candidates because they can detect functional changes in tumor vasculature after treatment with anti-VEGF agents (24) (25) (26) (27) . To our 
g Number of days on study counts the number of days from first dose to last dose of study drug.
knowledge, this is one of the few published studies to evaluate functional changes in HCC tumor vasculature in response to a range of doses of an antiangiogenic agent. Notably, in the current study, the extent of decrease in both K trans and IAUGC was greater in patients with clinical benefit, suggesting that control of vessel leakage may be a determinant of HCC tumor response to pazopanib. However, the predictive value of imaging biomarkers remains to be standardized and validated in larger studies.
In conclusion, we established a tolerable dose of pazopanib and provided initial evidence of antitumor activity in selected patients with advanced HCCs. Pazopanib reduces tumor vessel leakage, as estimated by DCE-MRI, indicating a direct effect on HCC vasculature that might be associated with clinical benefit. With the manageable safety profile of pazopanib showed in this study of selected patients with HCCs, further evaluation of pazopanib in phase II trials is warranted.
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